Continuous rainfall data recorded for many years at 8 stations in Finland were used to estimate rainfall erosivity, a quantity needed for soil loss predictions with the Universal Soil Loss Equation (USLE). The obtained erosivity values were then used to determine the 2 parameters of a power-law function describing the relationship between daily precipitation and erosivity. This function is of importance in erosion modeling at locations where no breakpoint rainfall data are available. The parameters of the powerlaw were estimated both by linear regression of the log-transformed data and by non-linear least-square fitting of the original data. Results indicate a considerable seasonal (monthly) variation of the erosivity, whereas the spatial variation over Finland is rather small.
Introduction
Rainfall is an important factor causing soil erosion in Finland. The terminal velocity of falling raindrops determines the kinetic energy for the detachment of soil particles. Early measurements of the terminal raindrop velocity were carried out by Lenard (1904) and Schmidt (1909) . More refined measurements, using electric equipment, have been made by Laws (1941) and Gunn and Kinzer (1949) . A high degree of correlation between drop size, and therefore terminal velocity, and rainfall intensity was found by Laws and Parsons (1943) . The effect of rainfall intensity on soil detachment was formulated mathematically by Wischmeier and Smith (1958) and connected to soil loss prediction by Wischmeier and Smith (1978) .
Several agricultural transport models, such as CREAMS (Knisel 1980) , its later extension GLEAMS (Leonard et al. 1987 ) and EPIC (Willimas et al. 1984) , use the Universal Soil Loss Equation (USLE, WISCHMEIER and SMITH 1978) or its modifications for erosion calculations. The USLE contains a rainfall factor, which is based on the rainfall kinetic energy derived from breakpoint rainfall data (i.e. individual storms). However, in many cases breakpoint data are not available. Some models, such as CREAMS, provide an option to use daily rainfall amounts as input data to the model. In this case the rainfall factor is computed with a power-law relating daily precipitation to rainfall erosivity. This power-law has been derived from breakpoint data by Lombardi (1979) . However, the parameters of this relationship are not universal, they depend on the geographical location and on the time of the year. The spatial dependence of the parameters of the power-law has been investigated by Richardson et al. (1983) and Haith and Mer-rill (1987) for several locations in the United States. The influence of the resolution of the rainfall data on the erosivity calculations has been studied by Williams and Sheridan (1991) .
The objective of this study was to estimate the parameters for the rainfall factor used in the USLE for each month of the warm season from breakpoint rainfall data collected at 8 stations in Finland.
Rainfall data
Continuous rainfall records from 8 stations (Fig. 1) were analyzed in this study for estimating the parameters for the rainfall factor used in the USLE. Seven of these stations are operated by the Water and Environment Research Institute and one -in Jokioinen -by the Finnish Meteorological Institute. The location and the number ofyears of record are given in Table 1 .
All rainfall gauges (pluviographs) used by the Water and Environment Research Institute have a Wild-type collector (500 cm collector area with a Nipher-type windshield) with the opening 1.5 m above ground. The rainfall gauges are not protected against frost, and they are in operation only from the end of April to the beginning of November (depending on the location). In the northernmost station of Ranua frost and snowfall frequently occur in May and October, and therefore the number of observations in these months is low. The device draws the graph for one week on a single sheet of paper. The resolution of these graphs is about 15 minutes and about 0.1 mm. A more detailed description of the equipment is given in Posch et al. (1992) .
The pluviograph used by the Finnish Meteorological Institute in Jokioinen is a Belford-type collector (378 cm ellipsoidal opening) with no windshield and 1.5 m above ground. The device is in operation throughout the year, and the protection against frost is maintained with NaCl. The pluviograms are drawn on a chart on a daily basis. The minimum resolution for rainfall depth is about 0.1 mm, but due to the daily basis of the chart the time resolution is better compared to the weekly charts used at the other stations. 1964,1966,1968,1988 and 1989 is skipped due to malfunction of the sampling device. Fig, I . Location of the 8 stations with continuous rainfall measurements analyzed in this paper.
The graphs have been digitized and combined to obtain the cumulative rainfall data for every summer half year, ranging from May to October. Rainfall events in April and November were included in the Jokioinen data, since most of the rainfall still comes as water during those months. The winter months (December-March) were skipped in this study because of the high probability of snowfall.
Due to the resolution of the equipment 2.4 mm d 1 = 0.1 mm IT 1 was selected as the minimum depth and 15 minutes as a minimum duration of a rainfall event. In addition, 180 min was chosen as the minimum length of a gap separating two events (see PoscHetal. 1992 ).
Estimation of rainfall erosivity
The equation for computing rainfall energy E, for rainfall given by a continuous function in time t, is
where e is the rainfall energy per unit rainfall, i is the rainfall intensity for the time differential dt and T is the duration of the rainfall. With Atk as the k-th part of the storm pluviogram for which a constant rainfall intensity ik can be assumed, Eq. 1 can be written in the discrete form
where ek is the rainfall energy per unit rainfall for the k-th increment and p the number of increments. The unit energy ek itself is a function of the intensity and, according to a regression equation by Wischmeier and Smith (1958,1978) , it is given by 916 + 331 log m i for i<3 in/h (3) e = 1(1
where the unit energy e has units of foot-tonsf/acreinch and the intensity i is expressed in in/h (tonsf stands for ton force). US units are used here for simplicity and the conversion to SI units is given below. Eq.3 is based on rain drop size and terminal velocity measurements, and it is independent of the geographical location (Laws and Parson 1943, Gunn and Kinzer 1949) . According to Wischmeier and Smith (I958) , the best single variable to predict rainfall erosivity of a single rainfall event is the product of the total rainfall energy E and its maximum 30-minute intensity 130, i.e. and it is the quantity El which enters the soil loss calculations with the USLE. Since no data correlating soil loss and rainfall erosivity is available for Finland, Eq.4 is also used in this study.
Since breakpoint rainfall data is not always available, Lombardi (1979) (see also Richardson et al. 1983) presented a simple power-law linking daily precipitation amount z and rainfall erosivity El:
In the USLE El has to be in units of (100 fttonsf/acre)(in/h), and values of a=B.o and b= 1.51 were derived by regression analysis from 2700 data points from the United States, and these values are also coded in the CREAMS model.
The breakpoint rainfall data for the 8 stations described in the previous section has been used for computing both the rainfall erosivity and the daily rainfall depth. Rainfall events of less than 30 minutes duration have been omitted, since a 30 minute maximum intensity 130 cannot be computed for these events. Rainfall events extending over midnight were split into separate events with one ending at midnight, the other one starting at midnight; but the 30 minute maximum intensity of the whole event has been used for both. Furthermoreto be consistent with the derivation of the original equations -storms of less than 0.5 inch and separated from the previous rainfall by more than 6 hours have not been included in the computations, unless as much as 0.25 inch of rain fell in 15 minutes. Those rainfall events, i.e. non-intensive rain falling on dry soil, are reported to have only small erosive effect (Wischmeier and Smith 1978) . For the 8 Finnish stations treated in this paper this amounts to skipping 70-75% of the recorded rainfall events; however, it does not mean that all rainfalls below 0.5 inches are skipped (see also Fig. 2 ).
We assume that Eq.3 for computing unit rainfall energy also holds for Finland. Then the rainfall erosivity of a single storm is computed via Eq.4, and the daily rainfall erosivity is obtained by summing the erosivities of the individual rainfall events:
where El; is the erosivity of the i-th storm and n is the number of rainfall events on that day. The daily erosivity values obtained in this way, together with the corresponding daily precipitation values, are then used to estimate the parameters a and b in Eq.s. Following customary procedures, we first logtransformed the data (both z and El) and estimated lg(a) and b by linear regression. This yielded highly significant correlations (r > 0.90 in all cases; see Table 2 and Fig. 2a ). Due to the logarithmic transformation the parameter values obtained in this way emphasize small values and the influence of the more important but fewer high values is not reflected in the shape of the regression curve (see thin line in Fig. 2b) .
Therefore, also a non-linear least-square minimization algorithm was employed for estimating the parameters a and b. The algorithm chosen is the so-called Levenberg-Marquardt method (PRESS et al. 1986 ). This method minimizes N (7) r(a,b) = £ (Eli-az^) 2 where N is the number of observations. As an example, the parameters obtained with this method for Jokioinen were used to plot the erosivity function in Fig. 2 (thick line) . As can be seen, the resulting curves clearly differ from the one with parameters obtained by linear regression when plotted untransformed (Fig. 2b) , whereas the logtransformed plot (Fig. 2a) would suggest that there is not much difference.
Most erosion models, such as CREAMS, have been developed in the United States and have incorporated the USEE formulated in the original US units. To facilitate comparison we present our re- Expressing the rainfall depth in mm we get a=25.4; to convert El, expressed in (100ft-tonsf/acre)(in/h), to the metric unit of (MJ/ha) (mm/h) yields a conversion factor of B= 17.02 (Foster et al. 1981) . Inserting Eq.9 into Eq.B gives the following formulae for b m and a m : The breakpoint rainfall data of the 8 stations described above have been used to estimate the rainfall erosivity parameters a and b in Eq.s by regressing the daily rainfall amounts with the erosivity computed by Eqs.2-4, and results both for the linear and non-linearregression are presented in Table 2 . This was done separately for each month and the whole observation period at each station.
The parameters aim and bun were obtained by linearregression of the log-transformed data, showing high positive correlation (r>0.90 in all cases). The exponent b|j n is spatially and seasonally rather uniform, varying from 1.48 to 1.94. This is in good agreement with the value of 1.81 used in the CREAMS model and derived from US data (LOM-BARDI 1979 , Richardson et al. 1983 . The proportionality factors aiin range from 0.67 to 4.66 in Finnish conditions, and are considerably lower than those obtained for US conditions (8.0 in the CREAMS model; see also Richardson et al. 1983) . This means that the functional dependence of the erosivity on the daily rainfall amount in Finland and the United Sates is very similar, whereas the absolute erosivity values are at least twice as high in the United States, implying the same amount of rain is more erosive there (more intense storms, i.e. "hard rains", Dylan 1966) .
As already pointed out in the previous section, taking logarithms of the data gives little weight to the (less frequent) high values, which are those of interest in erosivity estimations (see Fig. 2 ). Therefore we estimated the parameters a and b by minimizing the sum of the true squared distances, and the obtained values are reported in Table 2 . As an example, the resulting erosivity functions (Eq.s) are displayed for each month in Jokioinen (Fig. 3a) and for the whole observation period for all stations in Fig. 3b . The exponents b are of the same magnitude as the ones obtained by linearregression (b|j n ), but more varying (0.79-3.30 ). The multipliers a are even more variable and range from 0.65 to 7.17, and are generally higher than aiin .
Tests with the CREAMS model adapted to Finnish conditions, using erosivity parameters derived from Finnish rainfall data, gave better results than using the US parameters (Rekolainen and Posen 1993) . Therefore, in this CREAMS version monthly values for the parameters a and b can be input by the user, and this allows the application of this model in locations with different rainfall characteristics.
Regarding the seasonal variation of the parameters, it can be seen from Table 2 that the values for a are clearly higher during the summer months (Jun-Aug) compared to May and the fall months (see Fig. 3a for Jokioinen). This seasonal variation is less pronounced for the exponents b. This implies that the storms during the summer months are more erosive, reflecting the higher intensity of convective storms, which occur more often during summer. The spatial variability in erosivity is small, with the exception of the northernmost station of Ranua, where the erosivity is lower than in the other stations (Fig. 3b) , possibly due to less thunderstorms in Lapland (Atlas of Finland 1987) .
Only a few data is available for April and November, and these indicate that erosivity is low in those months. No data is available for the winter months December to March, and in addition one would have to know if the precipitation falls as rain or snow in order to estimate their erosive impact. In Southern and Central Finland, where most of the agricultural fields are located, the proportion of snow as percentage of total precipitation varies from 30 to 40% (Atlas of Finland 1987) . However, it is not only the amount of snow which determines its erosive impact, but also the speed of thawing. These factors have to be taken into account when estimating the overall erosion in Finland.
